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Introduction
   Cluster compounds, cage compounds and net-
like layered materials are representative materials 
where atoms form a network. I will call them “atomic 
network materials,” as opposed to individual carbon 
network material or boron network material, in order 
to focus on the similarities of these as-yet largely 
unknown network materials.  
   This new idea of atoms forming a “network” 
may lead to innovation and the discovery of novel 
functions when used for designing materials. One 
of the new functionalities receiving a great deal of 
attention is the successful design of network material 
that conducts electricity but not heat. This provides 
new possibilities for thermoelectric conversion. Here 
I will introduce research trends and a developmental 
strategy focusing on the notable characteristics that 
provide the functionality for these materials. 
Potential of Atomic Network 
Materials
2-1 Concept of Atomic Network Materials
   Cluster compounds are compounds mainly 
composed of polyhedral atomic clusters (e.g., boron 
icosahedra, boron octahedra) as shown in the upper 
part of Figure 1. One well-known example is carbon 
C60 fullerene. In cage compounds atoms form face-
sharing surfaces constructing a cage-like structure. 
Examples of cage compounds, as shown in the middle 
part of Figure 1, include clathrate compounds and 
skutterudite compounds. In addition, net-like layered 
materials have an infinite two-dimensional net-like 
structure composed of atoms, as shown in the bottom 
part of Figure 1. Graphite related materials are well-
known examples of this. 
           To date, the main focus of research on these 
network materials was carbon materials (C60, 
fullerene, graphite related materials). However, as 
shown in the periodic table in Figure 2, elements of 
groups 13, 14 and 15, surrounding carbon, also form 
network materials. Unlike carbon materials, some 
form a strong covalent bond between the basic unit of 
the clusters, which may produce a variety of merits. 
However, unlike carbon materials, these materials 
have not yet been thoroughly researched and their full 
potential has yet to be reached. A more systematic 
view may be gained of these materials and possibly 
lead to new ideas by considering them collectively as 
“atomic network materials,” to include all individual 
(carbon and boron and other) network materials. 
  To easily grasp the structure of these materials 
systematically, picture the two-dimensional sheet of 
atoms in the bottom of Figure 1 to be like “paper.” 
These sheets of paper are crumpled up to form a cage 
with an opening, where other openings are attached 
to form the middle figure. When they are crumpled 
up even further into a ball, we get the upper figure 
in Figure 1. All of the network materials pictured in 
Figure 1 include large metal atoms, and depending 
on the topology of the network, their location can 
be systematically assumed, as these atoms are 
sandwiched between the sheets (bottom), placed inside 
the cages (middle) or in between clusters (top). 
2-2 Potential as Functionality Materials
   A recently discovered functionality of atomic 
network material is receiving attention: “electrical 
conductivity” without “thermal conductivity.” In 
addition, boron network materials, previously valued 
only for their durability in such applications as nuclear 
reactor walls or as helicopter armor material, was 
discovered to be more than just a “shield”; they can 
also function as a magnetic medium. One property 
1
2
24
S C I E N C E  &  T E C H N O L O G Y  T R E N D S
Boron cluster Encapsulated metal
Boron cluster compounds
Cage (Clathrate) Compounds
Network of Ga, Ge, Si, Sn, etc.
Encapsulated 
metal
Mother atom 
composing 
cage network
Cage (Skutterudite) Compounds
Network of P, Sb etc
Two-dimensional Net-like Layered 
Material
Encapsulated 
metals
Mother atom composing two-dimensional net
Side view Top view
MB2 (M refers to metal elements) and similar compounds RTB4, R2TB6, etc. (R: Rare-earth, T: Transition metal, [M]/[B]=1/2)
Compounds Analogous to 
Graphite-like AlB2 type
“Tiling”
5, 6, 7- boron ring
5, 7-boron ring
R2AIB6
=[M]3[B]6
=[M][B]2
RAIB4
=[M]2[B]4
=[M][B]2
Prepared by the STFC based on Reference[1,2,3,27,29]
Figure 1 :  Examples of Covalent-Network Materials
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to emphasize is that both the metallic atom inside the 
network and the network topology both act strongly 
on the physical properties to produce the functionality. 
   As shown here, the potential of atomic network 
materials has yet to be developed. However, these 
materials share potentials that are superior to other 
materials at the initial stages of the development of 
useful functionality. These potentials are: 1) advantage 
in the mid- to high-temperature range, 2) creation 
and control of the function by insertion of metal 
atoms or the selection of these atoms, 3) flexibility of 
atomic network control, 4) high functionality inhered 
by the network itself, and 5) safety and abundance 
of resources. Development and strategy on each 
Prepared by the STFC
Figure 2 :  Examples of Main Mother Elements of Network-Forming Atomic 
Network Materials in the Periodic Table (shaded elements)
Source :  Prepared by the STFC based on Reference[1,2]
Figure 3 : Image of Functional Development of Atomic Network Materials
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potential will be discussed in the next chapter. Figure 
3 shows the conceptual diagram of the functionality 
development of atomic network materials.
Developmental Strategy to Apply 
the Potential of Atomic Network 
Material as Functional Materials
3-1 Advantage in Mid- to High-Temperature Range
   Atomic network materials composed of strong 
covalent-networks generally possess appealing 
mechanical and chemical characteristics, such as 
mechanical stability in the mid- to high-temperature 
range, chemical stability (i.e., acid resistance) and 
low compressibility. In particular, boron network 
materials are light and hard, second only to diamond 
in hardness. The following methods of adding high 
functionality will allow the production of functionality 
materials that can be used in the mid- to high-
temperature range and/or in an acidic environment.[1,2]
3-2 Creation and Control of Function by Insertion 
and Selection of Metal Atoms
   The materials introduced here generally form 
semiconducting matrixes. The insertion of metal 
atoms into the atomic network, i.e., the existence of 
encapsulated metal atoms, causes charge transfer. 
This enables electronic properties, including p-type 
and n-type semiconducting behavior, to be controlled, 
also leading to possible metallization and the 
development of superconductivity. Superconductivity 
was successfully induced in clathrate and skutterudite 
compounds by inserting metal atoms (middle part of 
Figure 1). In addition, MB2 materials possessing two-
dimensional boron graphitic surfaces (bottom part 
in Figure 1, where M refers to the metal element and 
B refers to boron) drew an enthusiastic response all 
over the world after superconductivity at relatively 
high temperatures was discovered, depending on the 
selection of encapsulated metal atom, in that case, Mg. 
(Details are discussed in 4-2.) In addition, the control 
of magnetism and photoluminescence properties by 
encapsulated metallic atoms is also attracting a great 
deal of attention. 
   Encapsulated metal atoms are located inside the 
cage in typical cage compounds, in between clusters 
of atoms in cluster materials such as boron materials, 
and sandwiched between the net-like sheets in two-
dimensional compounds 
   One prominent example of constructing a new 
function is the control of thermal conductivity. Metal 
atoms encapsulated inside the big cage of clathrate 
and skutterudite compounds “rattle,” which triggers a 
scattering of the phonons conducting heat and thereby, 
reduces thermal conductivity.[3-6] This was proposed 
by Slack from the United States as a postulated 
material with a new concept, Phonon Glass Electron 
Crystal (PGEC) in 1994.[7] The postulated material 
was glass-like (not thermal conductive) from the 
perspective of phonons which conduct heat. At the 
same time, the material was crystal-like from the 
perspective of electrons, since electrons (electricity) 
Heat
Encapsulated metal
Mother atom 
composing the 
network
Source :  Prepared by the STFC based on Reference[7,19]
Figure 4 : Image of Rattling
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were easily transferred. In clathrate and skutterudite 
compounds, when metal atoms are encapsulated 
in the large space inside the cage network, due to 
the weak bonding between the metal atom and the 
atoms constructing the cage, the metal atoms start 
“rattling”, creating low frequency Einstein oscillators 
and subsequently reducing the thermal conductivity 
by resonance scattering of acoustic phonons, which 
have a strong influence on thermal conductivity. On 
the other hand, for the electric conductivity, electrons 
are easily transferred due to the band formed by 
the covalent-cage network. Therefore, this PGEC 
postulated material was successfully materialized 
in the form of cage materials such as clathrate and 
skutterudite compounds with encapsulated metal, 
proving, for the first time, the existence of sought-after 
thermoelectric-conversion materials that are capable 
of good electric conductivity with poor thermal 
conductivity. The applications of these thermoelectric 
conversion materials will be discussed in Chapter 4. 
3-3 Flexibility of Atomic Network Control 
   With atomic network materials, it is relatively easy 
to substitute the atom constructing the network with 
another atom located close to the original atom in 
the periodic table. The change in charge caused by 
this substitution enables flexible control of electronic 
characteristics. For example, substitution of carbon and 
boron in boron carbide produces the small polaron, 
a special charge carrier, which leads to a successful 
change of electronic characteristics[8,9], and creates 
possible use as thermoelectric conversion material 
discussed later. Substitution of boron with carbon in 
boron carbide can be done in wide composition range, 
taking a composition of B12+xC3-x (0.06 ≦ x ≦ 1.7). 
In other words, while being a crystalline non-alloy 
material, it can take a very wide range of composition 
from B4.1C to B10.5C. Such flexibility of these atomic 
network materials is useful. Furthermore, the addition 
of a small amount of ternary elements, C, N and Si, 
in boron cluster compounds will form bridging sites 
that enable a generation of new cluster sequences, 
i.e., new crystal structures.[1,2] With the change of 
cluster sequence, rare-earth atoms occupying cluster 
gaps form specific sequences, leading to interesting 
characteristics such as multi-dimensional magnetic 
phenomena.[10]
3-4 High Functionality Inhered by the Network 
   In atomic network materials, the network itself 
inheres high functionality. In particular, boron 
cluster compounds are attracting attention for such 
functionality as controllability of thermal conductivity 
and a built-in novel magnetic mediator. These new 
functionalities are given by the characteristic topology 
of atomic network materials. 
   Firstly, for thermal conductivity, boron cluster 
compounds possess low thermal conductivity despite 
being hard materials. This is an interesting property 
since harder materials are generally expected to have 
higher thermal conductivity. Origins of this property 
include such factors like the complexity of the crystal 
structure,[11] proximity to the so-called amorphous 
limit,[12] and the large number of atoms in the unit 
cell. In addition, the influence of disorder within the 
network on thermal conductivity was suggested to be 
much stronger than expected.[1,13] If we analyze the 
influence of disorder in the network in greater detail, 
there is a strong possibility of developing a method to 
take more control over thermal conductivity without 
losing electrical conductivity in the future. In addition 
to this disorder, the incongruity of the symmetry 
of the whole crystal and the five-fold symmetry of 
boron icosahedra is also believed to contribute to the 
low thermal conductivity. In that sense, low thermal 
conductivity is a function engrained in the boron 
atomic network itself. Research conducted in Japan 
has contributed greatly in this field. 
   In addition, strong magnetic coupling exceeding 
conventional expectations was recently observed 
in boron icosahedra (B12)–containing compounds, 
which were believed to have little magnetism due to 
being localized f-electron insulators. This magnetism 
appeared in a variety of forms and dimensions, 
such as three-dimensional long-range order, two-
dimensional spin glass and one-dimensional and 
dimer-like transition. With the magnetism, boron 
icosahedra clusters, which are the skeletal structural 
components, are now revealed to act as a new 
mediator of magnetic interactions. This means that 
the skeletal component of the network structure, boron 
clusters, not only provides durability to the compound, 
but also a higher function as new magnetic mediators.
[1,10] Though the mechanism is as-yet unknown in 
detail, since boron octahedral clusters do not have this 
function, it is suggested to require the unique symmetry 
of the icosahedra.[14] Clarification of this mechanism 
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is expected to improve the functionality of boron 
compounds as well as already existing magnetic 
materials. 
3-5 Safety and Abundance of Resources
   The elements composing the atomic network 
materials discussed in this paper are such elements 
like B, Si, Ge and P, which are relatively abundant 
and have low toxicity. Though some encapsulated 
metal atoms can be rare or toxic, they are not the 
main component, but rather are only required in mere 
“pinches”, so we do not have to worry about their 
scarcity or toxicity. In addition, since encapsulated 
rare-earth elements can be freely substituted, we can 
use yttrium (Y) which is relatively abundant and safe. 
Application of Atomic Network 
Material
 
   Here, I will list examples of atomic network 
materials that are coming to be applied as functional 
mater ials. These examples use a var iety of 
functionalities of different atomic network materials, 
and are believed to have great potential for a wide 
range of applications. 
4-1 Mid-to High-Temperature Range Thermoelectric 
Conversion Material
   One of the great challenges that modern society 
faces is how to use energy most efficiently. Because of 
this, a thermoelectric converter that can convert waste 
heat into useful electricity is a very appealing tool. 
Waste heat from factories, incinerators and piping of 
power plants release massive unused energy in the mid-
to high-temperature range of 500-1000 ºC. In addition, 
since only about 20% of the energy used in cars is 
used effectively, a material that can effectively convert 
even just a part of that waste heat energy to electricity 
will be a great contribution to society.[15] For example, 
if all cars in Japan installed waste heat-utilizing 
systems with a 20% thermoelectric conversion rate, 
it is estimated to lead to approximately 40 million 
tons of CO2 reduction per year. This on its own is 
12% of Japan’s greenhouse gas reduction target (25% 
reduction compared to 1990).[15] 
   The figure of merit of thermoelectric conversion 
material can be calculated using the following 
equation. 
ZT=α2・σ・κ-1  (1)
(where α=Seebeck coeff icient, σ=elect r ical 
conductivity and κ=thermal conductivity)
   From equation (1), we see that a good thermoelectric 
material conducts electricity but not heat and also has 
a large Seebeck coefficient. Thermoelectric materials 
already used, such as BiTe, have a ZT value of around 
1, setting a target ZT value of 1 or more for materials 
under development for practical application. In 
addition, considering that waste heat material would 
be used in the mid- to high-temperature range, there 
is a need for materials that are durable as well as 
highly functional for thermoelectric conversion in this 
temperature range. 
   Atomic network materials that pass all these criteria 
have recently been discovered and will be introduced 
below.[3-6,16-18]
4-1-1 Boron Network Materials
   One characteristic of boron is its lack of an electron, 
compared to carbon which also forms a cluster or 
layered-network (fullerene and graphite related 
materials etc.). For example, B12 boron icosahedra, 
which are bound together as clusters, lack two 
electrons. This is because, in the electronic orbital, 
there are 38 electrons in total, 26 electrons in the 
bonding inside the cluster and 12 in between clusters. 
However, since boron has three electrons in its outer 
shell, there are only 12×3=36 electrons inside the 
clusters, lacking two electrons. Therefore, it goes well 
with rare earth elements, which donate electrons while 
compactly snuggling in between clusters, forming 
Prepared by the STFC
Figure 5 : Five-fold Symmetry Axis of Boron Icosahedra
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various rare earth-boron compounds.[1] 
  In addition, boron has strong bonding not only within 
its atomic network unit, boron icosahedra clusters, but 
also in between these clusters. As a result, they form 
extremely durable atomic network materials. It also 
possesses a characteristic of low thermal conductivity, 
which originates in the network. The properties of 
these boron network materials are garnering high 
expectations as thermoelectric conversion materials 
at high temperatures. A quarter of a century ago, 
boron carbide (“B4C”) was discovered to be a good 
p-type high temperature thermoelectric conversion 
material, and subsequently, Hi-Z Technology Inc. of 
the United States has commercialized boron carbide 
as a p-type semiconductor material. However, in order 
to make thermoelectric modules, similar materials in 
both p-type and n-type materials are necessary, and a 
good compatible n-type compound pairing with boron 
carbide had long been missing despite great efforts 
made all over the world. 
   However, progress was made recently. A novel group 
of rare earth borides, RB15.5CN, RB22C2N, RB28.5C4 
(R refers to rare earth element), was successfully 
synthesized with a small addition of C or N, which 
act as bridging sites to form new arrangement of 
the atomic network and therefore, new boron cluster 
compounds. Rare earth atoms encapsulated in these 
new boron networks have characteristic sequential 
structures. Though it was serendipitous, these 
compounds, due to this sequential structure, was 
found to intrinsically exhibit n-type properties for 
the first time as boron icosahedra cluster compounds, 
and are the long awaited n-type counter part of boron 
carbide (Figure 7).[16-18]
  In addition, among the newfound boron cluster 
compounds, RB44Si2 showed an excellent p-type 
thermoelectric quality; and with lower melting points 
compared to boron carbide, possess a synthetic 
advantage, wherein they have potential to replace 
boron carbide in the future. Moreover, RB44Si2 shows 
a Seebeck coefficient of more than 200 μV/K at a 
temperature of more than 700 ºC, and also exhibits 
rare and attractive thermal dependence evidenced in 
a sharp increase of the figure of merit with increase 
of temperature in this high-temperature range. When 
compared to a well-known higher boride RB66, the 
new RB44Si2 compound sustains the low thermal 
conductivity of the boron cluster network with 
significant improvement in the electrical quality. 
Without heteroatom doping or substitution of the 
network mother atom (boron), the figure of merit 
obtained by extrapolating the measured physical 
parameter values to 1000 ºC, the ZT is estimated to be 
around 0.2. Considering the rarity of compounds with 
such durability at high temperatures, more research 
should be conducted in the future.[16-18] 
  These new compounds, RB15.5CN, RB22C2N, 
RB28.5C4 and RB44Si2, have great potential for 
Power Plant Cars Factories Incinerators
Energy Loss/Waste heat 
77% Efficient Energy 
23%
Thermoelectric 
conversion
Massive Electrical Energy
Prepared by the STFC
Figure 6 : Merits of Efficient Use of Thermoelectric Conversion Material
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thermoelectric conversion of the massive unused 
energy in the high temperature range. Since these 
compounds were just recently discovered, they are 
expected to be researched more intensively now with 
such strategies to design physical properties using 
their advantage as functional materials, as discussed 
in the previous chapter.[16-18]
4-1-2 Clathrate Compounds (Si, Ge, Ga, Sn)
   The most eminent characteristic of clathrate 
compounds is that metal atoms are encapsulated in 
cage structures composed of such elements as Si, Ge, 
Ga and Sn (though the cage is empty in some cases). 
These encapsulated metal atoms are sometimes 
called “guests,” and cause a reduction of thermal 
conductivity by dispersing heat-conducting phonons 
through “rattling,” as previously mentioned (Figure 
4). In addition, they enable electronic states and 
properties to be controlled through charge transfer, 
contributing to the high functionality. The structure 
of clathrate compounds is shown in Figure 8 with 
A8W46 as an example. In the chemical formula, “A” 
refers to Alkaline metal or Alkaline earth metal, while 
“W” refers to atoms forming the skeletal structure, 
such as Si, Ge, Ga and Sn. As shown in Figure 8, their 
basic units are dodecahedral of W20, tetradecahedral 
W24, and hexadecahedral W28, which form face-
sharing cages. Clathrate compounds have a relatively 
large Seebeck effect in the above equation (1) of the 
thermoelectric figure of merit, and there are some 
promising candidate compounds for thermoelectric 
conversion material with good electric and poor 
thermal conductivity, such as A8Ga16W30 (“A” refers 
to alkaline metal or alkaline earth metal while “W” 
refers to Ge or Si) and A8Zn4W42 (“W” refers to Sn).[3]
   Both the charge and the size of the encapsulated 
metal contribute to the rattling, and the property of 
the compound is easily controlled through them. 
Therefore, the selection of the encapsulating metal 
atom is important. The mother atom forming the 
cage network can also be substituted quite freely. For 
example, Ge or Si can be partly substituted with Ga in 
the aforementioned A8Ga16W30; and in A8Zn4W42, Sn 
can partly be substituted with Zn. These substitutions 
of mother atoms can lead to the targeted property. 
For example, in our case, they can enable tuning for 
thermoelectric conversion property. 
   Depending on the constituent element, clathrate 
compounds have high heat resistance due to their 
covalent-network, and are therefore expected to be a 
good thermoelectric material in the mid-temperature 
range of up to 600 ºC. Although this temperature 
range is not as high as that for the aforementioned 
boron cluster compounds, it is higher than the one 
for commercialized thermoelectric materials such as 
bismuth telluride. 
   Recently, a novel clathrate structure was discovered 
through a new synthetic method,[19] so the material 
N-type is exhibited in thermoelectric property
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Prepared by the STFC based on Reference[18]
Figure 7 : N-type Counterpart of Boron Carbide
Q U A R T E R L Y  R E V I E W  N o . 3 5  / A p r i l  2 0 1 0
31
design with elements which have never been utilised 
before should be one of the research targets in the 
future. 
4-1-3 Skutterudite Compounds
   Skutterudite compounds, as shown in Figure 9, 
form an octahedral framework with Phosphorus (P) 
or Antimony (Sb) sharing the apex. Like clathrate 
compounds discussed above, they have encapsulated 
metal atoms inside the cage-like (in this case, 
octahedral) structure, and, similar to boron cluster 
compounds, they can contain metal atoms in between 
cluster structures. 
   Since these two types of encapsulated metals enable 
control of the property of skutterudite compounds, 
promising developments were made regarding their potential 
as thermoelectric conversion materials.[6] Skutterudite 
compounds without encapsulated metal atoms are 
non-conductive, but their electrical resistivity can 
be significantly reduced by inserting metal atoms. 
While the Seebeck coefficient significantly decreases 
in normal materials as they get closer to metals with 
larger carrier numbers, skutterudite compounds 
maintain a large effective mass and thus a relatively 
large Seebeck coefficient, due to hybridization 
between the encapsulated metal and atoms forming 
the cage. In addition, like clathrate compounds, they 
have low thermal conductivity due to rattling of 
encapsulated metal atoms. The temperature range for 
their effective use is similar to clathrate compounds, 
up to 600 ºC. 
   Recently, after a report on a compound with a figure 
of merit of approximately 1, further research is greatly 
anticipated. In addition, as mentioned before, since a 
good pair of p-type and n-type is required to make a 
thermoelectric conversion module, one of the focuses 
of research should be the regulation of a skutterudite 
compound from that perspective. 
4-2 Superconducting Material 
   Superconductivity refers to the phenomenon where 
electrical resistivity turns to zero at a certain critical 
temperature. Intensive research and development 
of superconductive materials is being conducted to 
solve energy problems. Here, I will talk about the 
superconductivity of atomic network materials. 
   Since atomic network materials are mainly 
Prepared by the STFC based on Reference[27]
Figure 9 : Example of Skutterudite Compound Structure, 
MFe4P12
Prepared by the STFC
Figure 10 : Structure of Superconducting Material K3C60
Prepared by the STFC based on Reference[19,26]
Figure 8 : Example of Clathrate Compound Structure, 
Cs8Si46
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constructed with relatively light elements, such 
as boron, they are appealing in terms of inducing 
superconductivity because of the generally strong 
phonon coupling. In addition, as mentioned before, 
atomic network materials possess great controllability 
of electronic property through encapsulated metal 
atoms in the network and/or substitution of the mother 
atom of the network. 
   For example, K3C60, made by inserting alkaline 
metal into a carbon cluster solid, C60 fullerene (Figure 
10), is found to show superconductivity;[20] and 
depending on the combination of encapsulated metals, 
compounds with a relatively high superconductivity 
transition temperature of 33 K have been obtained.[21, 22] 
The two-dimensional net-like graphite intercalated 
compounds which will be discussed in more detail in 
the next section can also achieve superconductivity 
through the encapsulation of metal between the 
surfaces of the atomic nets, despite all the composing 
elements being non-superconducting.[23]
  A discovery in 2001 made a convincing argument 
for people to reevaluate atomic network materials 
composed of elements other than carbon; it was 
the discovery of superconductivity of MgB2 at 39 K.[24, 25] 
MgB2 is a boron compound with a graphite-like 
two-dimensional net-like structure (Figure 11). 
Though this compound was known for 50 years, its 
superconductivity was never noticed. The 2001 report 
on the superconductivity of MgB2 has been referenced 
more than 2000 times since, collecting a great deal of 
attention from all over the world. As for skutterudite 
and clathrate compounds, superconductivity has been 
successfully induced by controlling encapsulated 
metal atoms, though the network matrix is usually 
insulating/semi-conducting.[26,27] 
  As ev idenced with the d iscover y of  the 
superconductivity of MgB2, the superconductivity of 
non-carbon atomic network materials has yet to be 
sufficiently researched. As mentioned in 3-3, atomic 
network materials have an increased potential for 
creating/finding new compounds by inducting new 
changes in the network itself. However, effective and 
systemic search is required.
4-3 Electrode Material for Batteries
   Carbon layered materials, particularly intercalated 
graphite compounds in which a heteroatom is 
inserted between the surfaces of graphite, have been 
Prepared by the STFC
Figure 11 : Structure of Superconducting Material MgB2
Prepared by the STFC
Figure 12 : Example of Graphite Intercalated Compound 
Structure
Prepared by the STFC based on Reference[29]
Figure 13 : Graphite Intercalated Compound Sc2B1.1C3.2 with regular boron and carbon 
graphite-like surface
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researched intensively since the 1980s. For example, 
some lithium batteries use the electrode material LiC6. 
   On the other hand, compared to carbon materials, 
research on boron compounds is lagging, and even for 
MgB2, which has a similar structure to intercalated 
graphite, not much progress had previously been 
made on the research of its electrical properties as 
mentioned above. Though, unlike carbon graphite, 
two-dimensional boron graphitic structures do not 
exist on their own, because boron lacks electrons, 
compared to carbon, they can take on a graphite or 
graphite-like structure depending on the combination 
with encapsulated metal atoms. In this case, these 
metals are sandwiched between the infinite two-
dimensional surfaces, and as shown at the bottom of 
Figure 1, two-dimensional surfaces of boron form not 
only hexagon- but also pentagon- and septagon-based 
compounds with interesting properties, depending on 
”tiling” variations of the polygons.[2] 
  In addition, there was the discovery of a new 
compound in which boron and carbon are mixed 
regularly on the two-dimensional graphite-like 
surfaces (Figure 13).[29] This compound showed 
large anisotropy similar to graphite-intercalated 
compounds, and the atomic layers sandwiched 
between the graphitic surfaces could be removed with 
oxidizing agents. It is interesting that this compound 
has a larger number of atoms in between the surfaces 
compared to normal carbon graphite intercalated 
compounds, and compounds like this can possibly 
become battery material as research for scandium 
replacement continues. Since hundreds of graphite-
intercalated compounds purely composed of carbon 
were evaluated already, these new mixed compounds 
have more potential for the future. 
Expectations for the future 
   As mentioned in Chapter 4, one of the important 
applications of atomic network material is in 
thermoelectric conversion. With the demand for 
an efficient use of energy, the competition over 
the development of mid-to high-temperature 
thermoelectric conversion material has intensified all 
over the world, and development of useful material 
in this field that enables efficient use of waste heat 
will have a great impact on our society. Therefore, 
significant research and development funding has 
been granted in Europe and the United States. For 
example, in the United States, in addition to already 
existing projects, four more projects dealing with 
thermoelectric conversion material research were 
included in the Energy Research Centers (duration: 
more than five years; Funding: 200-500 million yen/
year each) adopted by the Department of Energy 
(DoE). In the car manufacturing industry, BMW 
and Volkswagen have already made and reported 
prototype cars that use thermoelectric conversion 
materials. As mentioned before, since only about 20% 
of energy used by cars is used efficiently, efficient 
use of waste heat will be highly rewarding, and thus 
the competition to develop thermoelectric conversion 
material for cars is intensifying increasingly. The 
International Conference on Thermoelectrics is 
held annually; however, the 2009 conference held in 
Germany hosted double the participants compared 
to previous years, reflecting the public’s interest in 
thermoelectric conversion material. 
   Traditional bulk thermoelectric conversion materials 
with high performance were mostly based on 
tellurium (Te) or lead (Pb),[30,31] leaving concerns about 
scarcity and/or toxicity for a wide range of uses in the 
future. Atomic network materials made mainly with 
safe and abundant elements are favored as a starting 
point. In addition, atomic network materials have the 
advantage of being stable in the mid-to high-range 
temperatures and of having controllable thermal 
conductivity as mentioned before. A few important 
discoveries have already been made with groups, 
led by Japanese researchers, leading us to hope for 
further development on atomic network material as 
thermoelectric conversion material at the mid- to high-
temperature range in Japan. 
   At present, in order to materialize application as 
thermoelectric conversion material, regarding the 
thermal conductivity, the main focus of research has 
been in how to reduce the thermal conductivity of 
atomic network materials. Atomic network materials 
have various advantages such as controllability 
of heat conductivity and of electronic properties 
such as band gaps, and generally possess a semi-
conductive framework. From that perspective, 
research investigating the potential of these materials 
as next generation semiconductors or mid- to high-
temperature range semiconductors (not limited to 
thermoelectric application) is still insufficient. 
   On the other hand, considering energy efficiency 
in devices, it naturally follows that use in mid- to 
5
34
S C I E N C E  &  T E C H N O L O G Y  T R E N D S
high-temperature range is also required. In addition, 
as devices become more accumulated and dense, 
functional materials that are durable and function 
even at higher temperature will be needed. Since 
mid-to high-range temperature stability is generally 
engrained in atomic network materials, the potential 
of these materials for mid-to high-temperature range 
thermoelectric conversion integrated in devices, and 
also more generally, as semi conductors, should be 
researched further. 
   The great attraction of atomic network material 
is that, through the addition of heteroatoms, a new 
network sequence can be produced and thus make 
new compounds. In addition to the flexibility and 
important role of encapsulated metal, the characteristic 
topology that strongly acts on the properties is also 
appealing. For example, the boron icosahedra cluster 
was discovered to function as a new magnetic 
mediator. The challenges that basic research will 
face in the future include analysis and understanding 
the formation process of network sequences more 
logically and in detail, as well as enabling freer 
design of atomic network materials. In addition, with 
research to reveal the properties of these materials 
with strong structure-property relationships, it is 
important to obtain a clearer understanding of this 
relationship. Through these research achievements, 
we can generate atomic network materials with the 
characteristic topology associated with target property, 
and thereby obtain custom-made functional materials. 
As a whole, not only for carbon material research, 
which has already been active, systemic and strategic 
research and development are necessary for dealing 
with promising atomic network materials element by 
element. 
   Considering international movements, the National 
Boron Research Institute, which promotes research 
for boron application, was founded recently in Turkey, 
where 70% of the world’s boron is deposited. In 
particular, in the field of boron network materials, 
where Japan has been taking the lead in international 
research, we should establish a strong research 
base and achieve patenting by actively progressing 
development and research on functional materials, 
from where close cooperation can be forged with such 
countries with resources. 
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